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Abstract 

Objective  To investigate associations between breast cancer molecular subtype and intravoxel incoherent motion 
imaging (IVIM) and amide proton transfer-weighted (APTw).

Methods  This prospective study involved 264 patients with suspected breast tumors who underwent both breast 
APTw and IVIM MRI. The maximum diameter of the tumor (Dmax), APT value, apparent diffusion coefficient (ADC), 
diffusion coefficient (D), pseudo diffusion coefficient (D*), and perfusion fraction (f ) values along with histological 
subtype, grade, and prognostic factors (Ki-67, estrogen receptor (ER), progesterone receptor (PR), human epider-
mal growth factor receptor-2 (HER-2), were compared. APT values about biological subtypes, Ki-67 labeling index, 
and nuclear grades (NGs) were further analyzed.

Results  A total of 205 participants (mean age, 53 years, range 29–80) were included in the evaluation. The triple-
negative breast cancer (TNBC) cancers showed significantly higher D* values than the Luminal B cancers (P = 0.002), 
while there was no difference in Dmax, ADC, D, and APT (P = 0.068,0.318,0.432,0.089). The TN-type cancers showed 
significantly higher APT values than the HER2-type cancers (P = 0.002). The area under the curve (AUC) obtained 
from APTw, IVIM, and Dmax was 0.874. The APT had a moderate positive correlation with the unclear grade (r = 0.473, 
P < 0.001), and the D* had a weak positive correlation with the Ki-67 labeling index(r = 0.160, P = 0.022).

Conclusion  The TN subtype of breast cancer is associated with APT value and D* from IVIM. The APTw may be 
a promising method for predicting TNBC molecular subtypes.
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Introduction
Breast cancer is the most prevalent malignancy affect-
ing women worldwide [1]. Its heterogeneity arises from 
a complex interplay of genetic and environmental factors. 
Based on both molecular and histological markers, breast 
cancer could be classified into three main categories: 
hormone receptor-expressing breast cancer (estrogen 
receptor (ER +) or progesterone receptor (PR +)), breast 
cancer expressing human epidermal receptor 2 (HER2 +), 
and triple-negative breast cancer (TNBC) (ER − , PR − , 
HER2 −) [2–6]. TNBC, which accounts for 10%−25% of 
all breast cancers, is defined by the lack of ER, PR, and 
HER2 expressions [7, 8]. This subtype is notably more 
aggressive and is associated with a less favorable prog-
nosis. Owing to a lack of well-characterized treatment 
targets, women with TNBC tumors have fewer treatment 
options than are available for other breast cancer types 
and are typically treated with chemotherapy. Relapse is 
common, usually in the first five years, leading to rela-
tively poor survival outcomes.

Among the differentiation of breast cancer, molecular 
subtypes is a potentially powerful tool to enable clinicians 
to better direct and intervene in treatment; genetic analy-
sis presents high hurdles due to cost, specialized equip-
ment, and technical expertise required to process each 
sample [9]. Therefore, a formal molecular subtype analy-
sis of all breast cancer patients is currently neither practi-
cal nor cost-effective. There is great interest in identifying 
alternative markers for individual molecular subtypes.

There have been many attempts to find a correlation 
between tumor subtypes and imaging [10].MRI imag-
ing, compared to biopsy as a non-invasive examination 
method, if related to molecular subtypes, will be used as 
a potential prognostic indicator since the distinct bio-
logical profiles of these subtypes are closely tied to treat-
ment strategies and prognosis [11]. Noninvasive imaging 
methods that reveal such histologic and molecular char-
acteristic heterogeneity are being developed to guide 
individualized therapeutic strategies. Among the quanti-
tative MRI methods available, diffusion-weighted imag-
ing (DWI) [12] and chemical exchange saturation transfer 
(CEST) imaging [13] might help reveal the microstruc-
ture and microvasculature within cancer lesions. DWI 
has been widely used in oncologic imaging, it was shown 
that ADC values have the highest statistical association 
with pathological complete response (pCR) prediction in 
the HER2 enriched subtype [14], Associations between 
ADC and Ki-67 or tumor grade may be different in other 
subtypes of BC, such as tubular or medullary carcinomas 
[15]. Still, studies have shown that ADC cannot predict 

the hormone receptor status of breast cancer [16]. Intra-
voxel incoherent motion diffusion-weighted MR imag-
ing (IVIM) has emerged as a promising MRI technique 
for diagnosing and predicting breast cancers without 
necessitating contrast agents, which provides quantita-
tive measurements of D (actual diffusion coefficient), 
D* (pseudo-diffusion coefficient), and f (perfusion frac-
tion), allowing differentiation between lesions of vary-
ing aggressive pathological subtypes in breast cancer. D 
and D* have been shown to indirectly reflect the growth 
of blood vessels and proteins in cells because of their 
association with anti-angiogenic [17]. Some researchers 
[12, 17] have also investigated the association of IVIM 
parameters with pathological biomarkers. However, no 
consistent conclusions have been reached regarding the 
association between IVIM parameters and molecular 
subtypes.

CEST imaging is an advanced MRI technique that 
provides information about the microscopic environ-
ment of tissues by detecting proton transfer during cer-
tain chemical exchange processes, and it can reveal the 
microscopic structure and microvascular system in can-
cer lesions [18].The degree of water signal attenuation is 
proportional to the number of targeted compounds with 
exchangeable protons; therefore, CEST enables indirect 
measurement of tissue metabolites, as well as a reflection 
of the physical and chemical properties of tissues that 
affect the chemical exchange. In addition, CEST imaging 
can indirectly reflect the characteristics of the microvas-
cular system by detecting changes in the chemical envi-
ronment around blood vessels. Changes in metabolites 
or extracellular pH associated with angiogenesis can be 
detected by CEST imaging, providing information on 
the microvascular system [19]. Amide proton transfer-
weighted (APTw) MR imaging, as a kind of CEST tech-
nology targeting amide protons (resonating at 3.5  ppm 
downfield from water), reflects the concentration of 
exchangeable amide protons in endogenous mobile pro-
teins and polypeptide molecules within the cytoplasm. 
This provides an indirect in vivo assessment of changes in 
protein expression rates and related pathophysiological 
information in living cells. Breast cancer is a heterogene-
ous disease and consists of different molecular subtypes 
with different angiogenetic characteristics and expres-
sions of genes that regulate vascular normalization. Ini-
tial work by Dula et al. [20] first established breast APTw 
imaging with good stability and repeatability, yet with 
three patients. Some studies have shown that APTw 
can be used to evaluate neoadjuvant chemotherapy for 
breast cancer [21]. More recently, our recent study [22] 
confirmed the reliability and stability of breast 3D APTw 
were tested with good results at 3 T, and our team found 
[23] that APTw showed a significant potential in early 
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prediction for neoadjuvant chemotherapy treatment in 
breast cancer. However, a few studies have investigated 
the association of the APT value with pathological bio-
markers. An inconsistent correlation of the APT value 
with the Ki-67 proliferation index and histologic grade 
was reported. Liu et  al. [24] established that the APT 
value significantly correlated with the Ki-67 index but 
showed no significant difference in groups of ER, PR, 
HER-2, and among molecular subtypes. Kamitani et  al. 
[25] reported that TN and high-Ki-67 breast cancers 
showed high APT values. These discrepant findings leave 
the value of APT imaging in evaluating breast cancer 
ambiguous.

This study aimed to compare the roles of IVIM and 
APTw in TNBC and analyze the correlations between the 
derived parameters and the prognostic factors of breast 
cancer to provide new ideas for the diagnosis, treatment, 
and predictive assessment of breast cancer.

Materials and methods
Patients
The study was approved by the Institutional Review 
Board with a requirement for informed consent obtained 
(approve number: B2022-623R). A total of 264 female 
patients with breast mass lesions at mammography or 
ultrasonography were selected for breast MR imaging, 

of whom 59 patients were excluded for the following rea-
sons: 1) Immunohistochemical and pathological findings 
were missing (n = 10), 2) Radiotherapy, chemotherapy, 
puncture biopsy or pre-scan surgery (n = 14) 3) Poor 
lesion visibility on APTw imaging due to tumor size less 
than 1 cm (n = 35). Finally, 205 patients with breast can-
cers  were prospectively enrolled in the study between 
September 1, 2022, and Mar 20, 2024(Fig. 1).

MR imaging protocol
All MR examinations were performed with a 3.0  T 
whole-body MR scanner (Philips Ingenia CX, Philips 
Healthcare, the Netherlands) with a dedicated seven-
channel bilateral phased-array breast coil. APTw images 
were acquired using a three-dimensional (3D) turbo-
spin-echo (TSE) sequence and IVIM in addition to the 
traditional imaging protocols (T1WI, T2WI, and DCE 
imaging); For APTw imaging [22], the saturation pulse 
train with a duration of 2  s was applied with 2-µT B1 
amplitude at each of the following six frequencies for 
the reconstruction of the Z spectrum in each image 
voxel: ± 2.7 ppm, ± 3.5 ppm, and ± 4.3 ppm, where 0 ppm 
was defined as the water proton resonance. A reference 
acquisition was performed with the radio frequency (RF) 
at − 1,560  ppm. Three acquisitions were repeated at the 
saturation frequency of + 3.5 ppm with shifted echo times 

Fig. 1  Flow diagram of the patient selection process
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to generate a B0 map for voxel-wise frequency correc-
tion to the Z spectra. For reduced influence from B1 field 
inhomogeneity, unilateral APTw imaging of solely one 
instead of two breasts was implemented in this study, and 
to reduce image artifacts induced by the motion of the 
chest, the prone position of patients was adopted. IVIM 
(single-shot echo-planar imaging prototype sequence) 
with spectral attenuated inversion recovery for fat sup-
pression were acquired with the following parameters: 
b values of 0, 20, 50, 100, 150, 200, 400, 600, 800, 1000, 
1500, and 2000s/mm2. Other imaging parameters are 
detailed in Table 1. The APTw and IVIM sequences were 
conducted before the injection of the gadolinium con-
trast agent (Gadodiamide, Bayer AG). The traditional 
imaging protocols were prescribed to cover the entire 
bilateral breast tissue, and the APTw imaging protocol 
was defined unilaterally to cover the whole tumor based 
on the images from IVIM.

Image analysis
All APTw and IVIM images were transferred to the 
IntelliSpace Portal v10.0 workstation (ISP, Philips 
Healthcare, Best, Netherlands) for image analysis and 
data measurement. Two breast radiologists performed 
image analysis (radiologists 1 and 2 were blinded to 
the final pathological results and other clinical infor-
mation). The magnetization transfer ratio with asym-
metric analysis at + 3.5  ppm (MTRasym(+ 3.5  ppm)) 
for each image voxel was carried out to generate APTw 
maps from the raw images in real time on the console 
with Z-spectrum fitting and B0 correction, as described 
in the literature [26] where the values in the maps 

refer to the difference between the signal intensities 
at ± 3.5 ppm of water proton resonance, as a percentage 
of the signal intensity when the saturation pulse applied 
is far off resonance. For each patient, the threshold 
extraction method for segmentation [27, 28] of the 
tumors as a whole was carried out according to the 
following steps independently: 1. the 3D tumor struc-
ture was first automatically segmented on DCE images 
using the MR segmentation software on ISP; 2. manual 
adjustment was implemented for the tumor segmenta-
tion to ensure the inclusion of all tumor; 3. the thresh-
old within the range of 0–1% to 5–8% was manually 
selected to remove structures of blood vessels and 
necrosis; 4. the segmentations were copied to APTw 
and IVIM images for measurement of the mean APT, 
ADC, D, D* and f values. The APT value was calculated 
as asymmetry of the traditional magnetization transfer 
effect at 3.5 ppm on both sides of the water signal:

where S0 is the water signal strength at a saturation fre-
quency of 1540 ppm, and Ssat is the water signal strength 
with a saturation frequency of + 3.5/−3.5  ppm after B0 
correction [29].

For DWI, the following formula was used:

where b is the diffusion weight, S0 refers to the sig-
nal intensity (SI) of b = 0  s/mm2, and Sb refers to the SI 
at a certain b-value. The ADC is the apparent diffusion 

(1)

APT (%) = MTRasym (3.5 ppm) × 100%
= (Ssat(−3.5ppm)/S0 − Ssat(+3.5ppm)/S0))× 100%

(2)Sb = S0 × exp.(− b × ADC)

Table 1  Acquisition parameters of all scan sequences

CS Compressed sensing, SENSE sensitivity encoding, SPAIR spectral attenuated inversion recovery, SPIR velocity encoding

T1WI T2WI IVIM 3D-APT DCE

TR [ms] 640 1500 6500 6445 4

TE [ms] 8 210 79 7.8 2

FOV [mm2/mm3] 240 × 339 240 × 339 × 170 300 × 369 130 × 130 × 49 200 × 315 × 120

Voxel size 1.00 × 1.0 0.80 × 0.90 × 4 1.40 × 1.40 2.03 × 2.00 × 7.00 1.00 × 1.00 × 3.00

Slice thickness[mm] 3 4 3 7 3

Slice Gap 0 −1.5 0 0 −1

Flip angle[°] 90 90 90 90 10

TSE Factor factor 6 92 – 100 –

Acceleration factor SENSE 3.5 CS2.2 SENSE 4 SENSE 1.6 SENSE2.5

b-value[s/mm2] – – 0/20/50/100/150/200/400/600/
800/1000/1500/2000

– –

Fat suppression – SPAIR SPAIR SPIR SPAIR

Bandwidth (Hz/pixel) 221.7 1016.3 31.8 702.5 541.1

Saturation pulse/duration – – – 2.0 μT/2 s –

Scan time (min: sec) 1:55 2:53 7:48 3:58 8:34
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coefficient [30]. The Mono model was calculated using 
b-values of 0 and 800 s/mm2 as utilized.

For IVIM, the raw data were transferred to the ISP for 
post-processing, and the following formula was used:

where D represents the true diffusion coefficient, D* rep-
resents the pseudo-diffusion coefficient, and f represents 
the microvascular volume fraction [31]. The IVIM model 
utilized b-values of 0, 50, 100, 250, 500, 750, and 1000 s/
mm2 due to low b-value region particularly sensitive to 
tissue vascularity. Some high-b value DWIs were not 
used in this study. For the two-order single-exponential 
IVIM model (IVIMmono), DWI data fitting was performed 
using the segmentation constrained algorithm, which 
sequentially generates IVIM parameters [32]. First, when 
the b-value > 200  s/mm2, Eq.  (3) can be simplified as 
mono exponential decay:

where Sint is the intercept at b = 0, the D value can be 
acquired with a least-square fitting by Eq.  (4), after 
which the f value can be estimated through equation 
f = (S0-Sint)/S0. Finally, the obtained D and f are substi-
tuted into Eq. (3), and the non-linear least-square is fitted 
against all b-values to estimate D*.

Histopathological analysis
All patients underwent mastectomy or breast-conserving 
surgery. The maximum diameter of the tumor (Dmax) 
obtained according to the patient’s surgical pathological 
results. The histological type and axillary nodal status 
were determined based on surgically excised specimens. 
The estrogen receptor, progesterone receptor, and HER2 
statuses were assessed using immunohistochemistry. 
HER2 staining intensity was scored with ERBB2 0, 1 + , 
2 + , or 3 + . Tumors with ERBB2 score of 3 + and/or 
ERBB2 gene amplification confirmed by fluorescence 
in  situ hybridization were regarded as HER2-positive 
samples. Whether the patient had axillary lymph node 
metastasis was yes or no. (1) Luminal A type: positive 
for ER and PR, negative for HER-2 and low expression of 
Ki-67; (2) Luminal B type can be divided into two sub-
types: 1) ER and/or PR positive, HER-2 positive but Ki-67 
is not required; 2) ER and/or PR positive, HER-2 nega-
tive but Ki-67 high expression; (3) HER-2 overexpression 
type: ER and PR are negative, HER-2 positive but Ki-67 
is not required; (4) Triple-negative breast cancer: ER, PR, 
and HER-2 are harmful but Ki-67 is not required.

According to the consensus of the St. Gallen Meeting 
of the International Breast Cancer Expert Group [33], 
Ki-67 > 20% was defined as high expression, and ≤ 20% 

(3)
Sb/S0 = (1− f)× exp.(− bD)+ f × exp.[− bD∗]

(4)Sb = Sint × exp.(− bD)

was defined as low expression. Ki-67 degradation was 
determined as Ki-67 degradation from high to low 
expression. NG was scored for nuclear atypia and mitotic 
count according to the General Rules for Clinical and 
Pathological Recording of Breast Cancer [34].

Statistical analyses
Statistical analysis was performed using the SPSS soft-
ware (version 21, SPSS Inc, Chicago, IL, USA). Intra-
class correlation coefficient (ICC) and the Bland–Altman 
analysis were used to evaluate measurement consistency 
between the two readers and calculate the 95% limit of 
agreement (95% LoA). An ICC greater than 0.75 was 
considered to indicate a good deal. The Kolmogorov–
Smirnov test assessed the age, Dmax, APTw value, ADC, 
D, D*, and f differences between the four groups. The 
kappa test determined the differences between the four 
groups in menopausal status and axillary lymph. The 
parameters with differences were selected for pairwise 
comparison (TNBC and the other three groups, respec-
tively). Spearman’s correlation coefficient was used to 
analyze the association between the APTw values and 
Ki-67 expression, nuclear grade, and tumor size. Receiver 
operating characteristic (ROC) curves were generated 
to assess the diagnostic performance of MRI parameters 
and predict subtypes of breast cancers. The Delong test 
was used to analyze whether there were differences in 
each parameter’s areas under the curve (AUCs).

Results
Clinicopathological data
Two hundred and five patients (mean age 53 years, rang-
ing from 29 to 80 years) were finally included in the study, 
whose clinical characteristics are summarized in Table 2. 
The data of the two groups of images were consistent 
between the two readers (measurements by the two read-
ers are listed in Supplementary material), and results by 
the senior observer (radiologist 1) were selected for fol-
low-up analysis.

Consistency test
The data measured by the two observers had good con-
sistency. The ICC was 0.885 for D, 0.821 for D*, and 0.867 
for f.

Conventional MRI data
Among the 205 patients, 82 breast cancers were Lumi-
nal A, 60 breast cancers were Luminal B, 32 breast can-
cers were HER-2, and 31 breast cancers were TN. These 
results are shown in Table 3.
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Patient’s quantitative MRI Data
APTw and IVIM imaging between molecular subtypes 
are shown in Fig.  2. Differences for Dmax, APT values, 
ADC, D, and D* between molecular subtypes were sta-
tistically significant, shown in Table  4 and Fig.  3. The 

TN-type cancers showed no difference between lumi-
nal A cancers in Dmax, ADC, D, D* and APT value. 
(P = 0.515,0.290, 0.926,0.342,0.839). The TN-type can-
cers showed significantly higher D* values than the 
Luminal B cancers (P = 0.002), with no difference in 
Dmax, ADC, D, and APT (P = 0.068,0.318,0.432,0.089). 
The TN-type cancers showed significantly higher APT 
values than the HER2-type cancers (P = 0.002), while 
there was no difference in Dmax,ADC, D, and D* 
(P = 0.088,0.480,0.426,0.923).

Ki67, nuclear grade and tumor size
The D* had a weak positive correlation with the Ki-67 
labeling index(r = 0.160, P = 0.022), with no correla-
tion in APT, ADC D and f (P = 0.463,0.153,0.644,0.074). 
The APT had a moderately positive correlation with the 
nuclear grade (r = 0.473, P < 0.001), with no correlation in 
D*, ADC, D and f (P = 0.423,0.989,0.574,0.456). The APT, 
ADC, D, D* and f did not correlate with the tumor size (P 
= 0.180,0.147,0.118,0.542,0.564).

Comparison of diagnostic efficacy
The AUC corresponding to APTw and IVIM between 
the four groups is shown in Table 5. The area under the 
receiver operating characteristic curve (AUC) of APTw 
and IVIM for differentiating molecular typing breast 
cancers is shown in Fig.  4. The combination of APT, 
IVIM and Dmax values yielded an enhanced diagnostic 
accuracy (AUC = 0.874,0.659,0.852) with a sensitivity of 
65.9%,41.0%, 100% and specificity of 100%, 96.8% 71.0% 
in identifying TNBC and other molecular subtypes. The 
Delong test showed AUC(APTw + IVIM + Dmax) > AU
C(IVIM), AUC(APTw + IVIM + Dmax) > AUC(APTw + 
IVIM) in Luminal A vs TN; AUC (D + Dmax + APTw) 
= AUC(D + APTw) > AUC(D),AUC(APTw + IVIM + D
max) > AUC(IVIM),AUC(APTw + Dmax) > AUC(IVIM

Table 2  Patient baseline characteristics

All (n = 205)

Mean age (range) 53 (29–88)

Tumor histologic type
  Invasive ductal 203

  Invasive lobular 2

Tumor size
  T1 97

  T2 92

  T3 16

N stage
  N0 105

  N1 100

Grade
  1 52

  2 75

  3 78

Receptor status
  ER positive/PR positive 142

  ER negative/PR negative 70

  HER2 negative 108

  HER2 positive 66

  Triple negative 31

Molecular subtype
  Luminal A 82

  Luminal B 60

  Her-2 32

  TN 31

Table 3  Comparison of clinicopathological data

Variable Total (n = 205) LuminalA(n = 82) Luminal 
B(n = 60)

HER-2(n = 32) TN(n = 31) p value

Age 0.575

  < 40 37 18 2 8 9

  ≥ 40, < 60 106 40 42 10 14

  ≥ 60 62 26 14 14 8

Menstrual status 0.691

  yes 169 66 58 20 25

  no 36 16 2 12 6

Axillary lymph node 
metastasis

0.870

  yes 71 28 18 10 15

  no 134 54 42 22 16
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), AUC(APTw + IVIM) > AUC(IVIM) in HER2 vs TN (all 
p < 0.05).

Discussion
Accurate preoperative evaluation of breast cancer sub-
types is critical, as distinct biological profiles guide 
clinical treatments and predict prognosis. We have 
demonstrated that APTw and IVIM parameters are cor-
related with a molecular subtype of breast cancer. The 
TN molecular subtype is associated with APTw. The 
combination of APT, IVIM and Dmax values yielded 
an enhanced diagnostic accuracy (AUC = 0.874) with a 

sensitivity of 65.9% and specificity of 100% in identifying 
TNBC and Luminal A cancers.

Our results revealed that APT values were higher in 
TNBC than compared to HER2-enriched cancers, Lumi-
nal A and Luminal B type cancers. Liu [24] investigated 
the four molecular subtypes and showed comparable 
APT values without statistically significant difference 
(P = 0.073). This result may be because single-slice 2D 
APT imaging was employed in this study. Such geo-
metric localization may miss the plane with the larg-
est tumor diameter. Our study employed 3D APTw to 
address intratumoral heterogeneity better. Kamitani [25] 

Fig. 2  IVIM parameter maps (ADC,D,D*,f ) and APTw superimposed on DCE MRI. Patient 1(a) is an invasive ductal breast cancer with luminal A-type. 
Patient 2(b) is an invasive ductal breast cancer with luminal B -type. Patient 3(c) is an invasive ductal breast cancer with HER2-type. Patient 4(d) 
is an invasive ductal breast cancer with TN-type

Table 4  Quantitative MRI data

Variable Luminal A Luminal B HER2 TN P

Dmax(mm) 1.70 (1.50,2.13) 2.00 (1.50,2.80) 2.30 (1.80,3.00) 2.30 (2.00,3.00)  < 0.001*

APT(%) 2.30 (1.68,2.71) 2.30 (1.60,2.60) 2.23 (1.90,2.37) 3.20 (2.50,3.70)  < 0.001*

ADC(× 10−3mm2/s) 0.513 (0.57,0.58) 0.49(0.43,0.54) 0.55(0.52,0.57) 0.55 (0.46,0.65) 0.016*

D(× 10−3mm2/s) 0.99 (0.81,1.20) 1.12 (0.93,1.30) 1.22 (1.00,1.30) 1.20 (1.10,1.30)  < 0.001*

D*(× 10−2mm2/s) 2.04 (1.51,2.53) 1.73 (1.58,2.28) 3.40 (1.77,3.60) 2.45 (1.49,3.54) 0.010*

f(× 10–2%) 4.82 (1.85,14.85) 5.38 (1.40,11.13) 5.64 (3.45,7.65) 10.80 (3.40,13.20) 0.205
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used 3D APTw in breast cancer and found that the APT 
value of TNBC was higher than Luminal type cancers 
and HER2 cancers, consistent with this study’s findings. 
Patients with TNBC typically have a relatively poorer 
outcome than those with other breast cancer subtypes 
owing to inherently aggressive clinical behavior and a 
lack of recognized molecular targets for therapy [35, 36]. 
APTw extends the scope of molecular imaging technol-
ogy to proteins. Liu [24] suggested that APTw may have 
the potential to assess the aggressiveness of breast can-
cer. Therefore, it is reasonable that TN cancers showed 

a high APT value. In addition, large bare nuclei, nuclear 
atypia, ill‑defined borders, necrosis, and lymphocytic cell 
infiltrate were more common in TNBC as compared to 
non‑TNBC [37]. TNBC has limited treatment options 
and is usually treated with cytotoxic therapy with poor 
clinical efficacy [33]. Therefore, it is essential to distin-
guish TNBC from other subtypes of breast cancers and 
to find new therapeutic targets for TNBC.

Recent studies of IVIM in breast cancer demonstrated 
that D, D*, and f values significantly differ from molec-
ular subtypes [38–40]. Our results showed that the D* 

Fig. 3  Violin plots showing Dmax, APT values, ADC,D and D*of different molecular subtypes

Table 5  AUC with sensitivity and specificity of different groups

AUC(Sensitivity(%)/Specificity(%)) Luminal A vs TN Luminal B vs TN HER2 vs TN

APT 0.769(85.4/71.0) 0.746(83.6/71) 0.883(93.3/80.6)

ADC 0.602(43.9/93.5) 0.601(77.0/54.8) 0.503(86.7/45.2)

D 0.753(63.4/90.3) 0.625(47.5/100) 0.599(26.7/100)

D* 0.620(73.2/58.1) 0.616(80.3/58.1) 0.566(56.7/71.0)

Dmax 0.775(56.1/93.5) 0.638(59.0/71.0) 0.567(30.0/93.5)

IVIM 0.769(92.7/51.6) 0.599(47.5/100) 0.648(73.3/61.3)

APT&Dmax 0.842(63.4/100) 0.719(86.9/64.5) 0.835(83.3/90.3)

APT&IVIM 0.817(80.5/80.6) 0.617(44.3/96.8) 0.866(93.3/80.6)

APT&IVIM&Dmax 0.874(65.9/100) 0.659(41.0/96.8) 0.852(100/71.0)
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values were higher in TNBC than in Luminal B breast 
cancers, consistent with previous studies. This corre-
lates with the research results of Cho [38], they thought 
TNBC exhibited increased D* values compared with 
other subtypes, which suggests that this type of cancer 
undergoes increased tumor angiogenesis. Our research 
also found that D* had a weak positive correlation with 
the Ki-67 labeling index, which supports their view. This 
is the exact reason for the increase in APT values. In our 
previous research [22], the APTw value showed a nega-
tive correlation with ER expression. This suggests that 
APTw values could be used as a preliminary indicator 
of ER expression in breast cancer patients, possibly due 
to the fact that ER down-regulates vascular endothelial 
growth factor expression, thereby inhibiting tumor angi-
ogenesis. Similarly, this increase in vascular endothelial 
growth factor corresponds to an increase in the D* value 
of IVIM observed in this study. Lee YJ also thought that 
the D metrics differentiated between ER-positive and 
-negative groups [41].Our results also showed that ADC 
cannot predict the hormone receptor status of breast 
cancer, which is consistent with Meyer H-J [16]. Mami 
Iima [39] found that the synthetic ADC calculated by 
using b values of 200 and 1500 tended to decrease in ER-
positive tumors compared with ER-negative tumors, and 

HER2-type tended to show higher synthetic ADC val-
ues calculated by using b values of 200 and 1500 among 
breast tumor statuses. However, this observed trend did 
not reach the statistical difference after Bonferroni cor-
rection, which was consistent with our study. In another 
research [42], the kurtosis, skewness, uniformity, and 
entropy values of D values showed a specific predic-
tive ability for the prognostic factors and subtype of 
breast cancer. Still, there were no significant correlations 
between D and HER2 expression and lymph node status 
in this study, which may be related to the variability in 
HER2 function and small sample size. Lima [39] thought 
TNBC exhibited increased D values compared to other 
subtypes. And our IVIM yielded an enhanced diagnos-
tic accuracy (AUC = 0.769) with a sensitivity of 92.7% in 
identifying TNBC and Luminal A breast cancers, which 
more sensitive than those reported in previous studies 
[14, 38].

Interestingly, there was a correlation between Dmax 
and breast cancer subtypes in our study. Nakashima [43] 
indicated larger volume increases in TNBC. Given the 
expected differences in breast cancer growth rates across 
subtypes, predicting growth rates at diagnosis could 
facilitate more tailored surgical plans based on patient-
specific rates.

Fig. 4  a and (d) Receiver operating characteristic curves for individual imaging parameters between Luminal A-type and TNBC; (b) and (e) Receiver 
operating characteristic curves for individual imaging parameters between Luminal B-type and TNBC; (c) and (f) Receiver operating characteristic 
curves for individual imaging parameters between Luminal A-type and TNBC
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Histologic grade, despite tumor size and nodal status, 
remains prognostically relevant for overall survival. As an 
independent prognostic factor, breast cancer with a higher 
histological rate is less differentiated and has a poorer prog-
nosis than breast cancer with a lower histological grade [44]. 
Most studies have demonstrated the association between 
APT value and grades [45, 46]. Our analysis suggests a cor-
relation between APT value and grades, but some studies 
have shown no correlation between them [25]. Several fac-
tors could explain this inconsistency, such as the histologi-
cal type of breast cancer (tumor fever chymosin). Our study 
also found that APT values were relatively low in stage T1 
breast cancer, which we considered related to the relatively 
slow proliferation of proteins in cells with low stage. More 
attention has been paid to patients with stage T1, and this 
finding could help diagnose and treat patients with stage T1 
breast cancer [47]. We expect more and more breast cancers 
to be detected in preinvasive or earlier stages.

The present study suggests that APTw offers an advan-
tage over IVIM in differentiating between TNBC and non-
TNBC and prognosis evaluations. Combined IVIM and 
APTw led to improved diagnostic accuracy (AUC = 0.817). 
While previous studies [12, 48] demonstrated IVIM diag-
nostic efficacy across breast cancer subtypes. Also, some 
previous [25, 45, 46] studies showed that APTw may be 
related to ER, PR, and HER2 expression. Our study com-
bines the two imaging methods to reveal more possibilities 
for predicting breast cancer subtypes. Yu [42] combined 
APTw, IVIM, and DKI to predict the molecular typing of 
44 cases of breast cancer (10 cases of TNBC) and found 
that APT had nothing to do with molecular typing, sug-
gesting that it was caused by breast cancer heterogeneity.

Limitations
This study also has some limitations. (1) We excluded 
the patients with small lesions because we thought small 
lesions (< 1cm) impact the accuracy of APTw due to the 
influence of breast fat and water [49]. (2) The longer scan-
ning time of APT and IVIM, especially the lengthening 
of the already long routine breast MRI examination time, 
could compromise patient comfort and trigger motion arti-
facts. (3) Some high b values were not used in this study 
and will be analyzed in more depth in subsequent studies.

Conclusion
In conclusion, our study results showed that APTw and 
IVIM can be used to help identify the breast cancer 
molecular subtype. APTw is a valuable technique that 
might be useful to differentiate breast cancer subtypes. 
A combination of APTw and IVIM imaging may be an 
effective noninvasive method for clinically assessing 
TNBC from breast cancer subtypes.
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